Copper plates of 1 mm in thickness were joined with a solder layer (60 mm in thickness) of Sn-3.8 mass% Ag-1.2 mass% Cu alloy, and then subjected to the shear fatigue testing. At required numbers of fatigue cycles, the specimen was subjected to the acoustic microscopy to measure the shape and the size of the bonded region. After fatigue testing, the fracture surface was observed through scanning electron microscope to verify the distribution of fine penny-shaped cracks in the bonded region. The area of the bonded region estimated from the acoustic image monotonically decreased with increasing number of fatigue cycles. The larger the initial bonded region, the longer was the fatigue life. The density of the penny-shaped crack in the bonded region decreased with the distance from the edge of the bonded region, and increased with the number of fatigue cycles. The average size of the penny-shaped crack slightly increased with the distance from the edge of the bonded region, but showed no dependence on the number of fatigue cycles. The numerical calculation was also conducted with a simple model to obtain the bonded area as a function of the number of fatigue cycles. The calculated change in the bonded area with the number of fatigue cycles agreed well with the estimated one from the acoustic image. Calculated distributions of the density and the average size of the penny-shaped crack explained the change in the measured ones with the distance from the edge of the bonded region.
Introduction
Recently, from the standpoint of toxicity of lead, solder materials for electronic products have been replaced from Pb-Sn alloys to lead-free alloys. When electronic devices are installed in machineries, such as automobiles, these devices suffer repeated loading and thermal cycling to cause degradation of the solder joints, and finally to result in failure. To prevent catastrophic failures, lots of studies have been carried out on the fatigue and thermo-mechanical fatigue behaviors of the lead-free solder [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and solder joints. [14] [15] [16] [17] [18] [19] [20] Development of electronic devices accelerates downsizing of the solder joints, and currently grid arrays of a solder ball of about 100 mm in diameter are used in electronic devices. Therefore it is emphasized 11) that mechanical properties of the solder material should be testified with small size specimens comparable to the solder joints because their mechanical properties are largely influenced by microstructures, which are dependent on the cooling rate in the soldering process. The authors [21] [22] [23] studied the fatigue properties of solder joints with tin solder and Sn-Ag-Cu alloy solder, and found when the solder joints with a thin solder layer of 60 mm in thickness was subjected to a repeated loading, not only a peripheral crack propagated at the edge of the bonded region but also fine penny-shaped cracks appeared in the bonded region. The authors 24) also observed the bonding interface of the solder joints in the fatigue testing through scanning acoustic microscope (SAM), and compared with the fracture surface observed though scanning electron microscope (SEM). In the region where the brightness change occurred in the acoustic image, lots of fine penny-shaped cracks were observed on the fracture surface. Appearance of lots of penny-shaped cracks reduces an effective area of the bonded region to cause the decrease in an apparent bonding strength. Therefore, it is important to verify propagation not only of the peripheral crack but also of fine penny-shaped cracks in the bonded region to evaluate the fatigue life of the solder joints. The numerical simulation of propagation of peripheral and penny-shaped cracks also gives useful information on the estimation of the fatigue life of the solder joints because the simulation of the peripheral crack predicts the decrease in the apparent bonded region, and also the calculation of the penny-shaped crack predicts the distribution of the penny-shaped crack in the bonded region.
In the present work, the shear fatigue testing was carried out with Sn-3.8 mass% Ag-1.2 mass% Cu alloy solder joints with a thin solder layer of 60 mm in thickness to examine the change in the area of the bonded region in the fatigue process. At required numbers of fatigue cycles, the specimen was taken out from the fatigue tester and subjected to observation through SAM, and the area of the bonded region was estimated from the acoustic image. After fatigue testing, the fracture surface was observed through SEM and the number and the size of fine penny-shaped cracks were measured in the bonded region. The numerical analysis was also conducted to estimate propagation of the peripheral crack and also penny-shaped cracks in the fatigue process.
Experimental Procedure

Preparation of specimen
Rectangular plates of 20 mm in width and 100 mm in length were cut out from a copper plate of 1 mm in thickness, and square pieces of solder alloy of 4 mm in size were prepared from foil of Sn-3.8 mass% Ag-1.2 mass% Cu alloy with a thickness of 100 mm. Since the surface of the copper plate was relatively smooth as received state, no surface treatment was conducted before soldering process.
Then, as shown in Fig. 1 , the solder piece was inserted between copper plates with two tungsten wires of 60 mm in diameter as spacer. The copper plates with the solder piece were heated at 573 K for 30 min in an electric furnace, and then taken out from the furnace to cool to room temperature. After soldering process, the solder layer thickness was decreased to about 60 mm, and a nominal area of the bonded region spread to about 25 mm 2 .
Fatigue testing
The shear fatigue testing was carried out with a small fatigue tester, as illustrated in Fig. 2 , under conditions of a frequency of 3.6 Hz, a nominal shear stress amplitude of 6 MPa, and a stress ratio of 0.1 (tension-tension type). The nominal shear stress amplitude Á NOM was obtained from a load amplitude (ÁF) divided by a nominal area of the bonded region (A NOM : 25 mm
2 ). Since a shape of the specimen was asymmetric, the specimen suffered not only a shear force but also some amount of bending force in the fatigue testing. At required numbers of cycles, the specimen was taken out from the fatigue tester and subjected to the acoustic microscopy.
Acoustic microscopy
The bonded region was observed through SAM by using a probe generating a longitudinal wave of 50 MHz with a focal distance of 12 mm in water. The ultrasonic wave was focused at the bonding interface, and the acoustic image was obtained in an area of 9 mm Â 9 mm or 3 mm Â 3 mm. Then an area of the bonded region (hereafter referred to as the bonded area, A N ) at a number of fatigue cycles N was estimated from the acoustic image, and an effective stress amplitude (Á eff ) was obtained from the load amplitude ÁF divided by the initial bonded area A 0 .
For clarification of a changed portion in the bonded region, the acoustic image I N at a number of fatigue cycles N was subtracted by the initial acoustic image I 0 to obtain a subtracted image ÁI N .
Observation and measurement of fracture surface
After fatigue testing, the fracture surface was observed through SEM at an accelerating voltage of 20$25 kV. Then initial and final areas of the bonded region S 0 and S F were measured on the fracture surface to compare with the areas A 0 and A f estimated from the acoustic image, respectively.
In the bonded region on the fracture surface, the number of penny-shaped cracks in the unit area (hereafter referred to as the crack density, p ) and the average diameter of the pennyshaped crack (hereafter referred to as the average crack size, p ) were measured in three adjacent areas of 0:6$0:8 mm in width and 0:75$1:2 mm in length in the loading direction, as shown in Fig. 3 . In the measurement, hollow regions where the solder layer did not join with the copper plate were eliminated from the bonded area.
Results and Discussion
Change of acoustic image in fatigue process
In Fig. 4 , typical acoustic images of the bonded region and their subtracted images for specimens broken at 58,000 cycles are shown. In the initial acoustic image at N ¼ 0 (Fig. 4(a) ), large circular or elliptic bright regions are hollow regions of no joining of the solder layer with the copper plate, which was confirmed by comparison with the SEM micro- 
Propagation of penny-shaped crack
After fatigue testing, the fracture surface was observed through SEM, and lots of penny-shaped crack were observed in the bonded region, as shown in Fig. 7 . As shown in the figure, the size and the number of the penny-shaped crack were slightly different at positions in the bonded region. Therefore, the crack density and the average crack size were measured at different positions in the bonded region, as shown in Figs. 8 and 9 , respectively. The crack density decreased with the distance from the edge of the bonded region, and at periphery of the bonded region, the density increased with increasing number of fatigue cycles, but no difference within the interior of the bonded region. On the other hand, the average crack size slightly increased with the distance from the edge, but had no dependence on the number of fatigue cycles.
Then the total area of the penny-shaped crack was calculated from the average crack size and the crack density, and then the final bonded area A f was subtracted by the total area of the penny-shaped crack. As shown in Fig. 6 , after subtraction by the area of the penny-shaped crack, the final bonded area was independent of the fatigue life N f , which shows that the distribution of the penny-shaped crack considerably influenced the fatigue life of the solder joints with a thin solder layer. 
Numerical Simulation
Simulation model
The crack propagation in the bonded area was calculated with a model shown in Fig. 10 . In the model, the bonded region was simplified as a rectangle with an initial area of 2L 0 Â 2W 0 . Then a nominal shear stress amplitude Á N at a number of fatigue cycles N is given by
where ÁP is the constant load amplitude, and 2L N and 2W N are the length and the width of the bonded region, respectively. Since the peripheral crack mainly propagated in the loading direction in the early stage, it was assumed that the peripheral crack propagated only in the loading direction. In this case, the mode II crack propagates with the stress intensity factor amplitude ÁK II given by 25 )
where, and are 0.365 and 0.710, respectively, and b is a half of the plate thickness. The peripheral crack propagates in the solder material following the Paris law, 8) and is given by
where, ÁL N is the increment of the crack length L N when the number of fatigue cycles increases from N to N þ ÁN, and A and m are material constants. Although lots of studies have been carried out on the fatigue properties of lead-free solder alloys and the constants A and m were measured for the mode I crack propagation, no reports on the mode II crack propagation. Therefore, it was assumed that the mode II crack propagates in the similar manner to the case of the mode I crack, and the value of m (¼ 4:05) obtained for the mode I crack propagation in the lead-free solder alloy 8) was used in the present calculation. And the constant A was estimated to be 6:5 Â 10 À10 by fitting the calculated bonded area with the measured one.
When penny-shaped cracks appear in the bonded region, the nominal shear stress amplitude Á N is given by
where Á 0 is the initial stress amplitude, and n p and i are the number and the diameter of the penny-shaped crack, respectively. Observation of the fracture surface showed that most of penny-shaped cracks grew with a circular shape, and hence it was assumed that the penny-shaped crack grew with the circular shape. In the previous works, [21] [22] [23] it was found that the phase (Cu 6 Sn 5 ) contained cracks parallel to the bonding interface from the observation of the interlayer in the cross section, and that fine cracks appeared after breaking of the phase and propagated in the solder layer with a circular shape from the observation of the fracture surface. Therefore, the crack density p was assumed to be proportional to the density N of the columnar phase at the interface. As illustrated in Fig. 11 , the columnar phase suffers repeated shear loading with a stress amplitude Á N . Under repeated loading, the phase breaks with some probability p , and the probability p can be proportional to the shear stress amplitude Á N . Therefore, the crack density p was assumed to be proportional to the shear stress amplitude Á B , and is given by
where D is the proportional constant, and hereafter referred to as the crack density constant. The shear stress amplitude Á is not uniform through the bonded region, but takes higher values at periphery of the bonded region due to stress concentration, and is given by
where r is the distance from the edge. At periphery of the bonded region, the maximum of Á exceeds the yield strength of the solder alloy y (¼ 39:4 MPa), 26) and was equated to y .
The stress intensity factor ÁK II of the penny-shaped crack was calculated with the crack size p and the shear stress amplitude Á B to obtain the growth rate of the penny-shaped crack d p =dN. However, ÁK II was far smaller than the threshold of ÁK II expected from the threshold ÁK Ith , which means that the penny-shaped crack did not grow. Whereas the crack size measured on the fracture surface ranged from 10 mm to 100 mm and was far greater than the average size of the phase of about 15 mm, 23) which supports the growth of the penny-shaped crack in the fatigue process. Furthermore, it is known that a short crack of size less than some 100 mm propagates with a considerable growth rate in the fatigue process even the stress intensity factor amplitude ÁK is lower than the threshold ÁK th . 27, 28) From these discussions, it was concluded that the penny-shaped crack grew with a considerable growth rate d in the fatigue process. In the present analysis, the growth rate d was assumed to be constant.
Calculation procedure
First, the calculation was carried out for the case in which only the propagation of the peripheral crack was considered as follows:
(1) At every increment of fatigue cycles ÁN (¼ 6000 cycles), the stress intensity factor amplitude ÁK II and the growth rate of the peripheral crack dL N =dN were calculated to obtain the propagation length ÁL.
(2) The bonded area 4L N W 0 was calculated. (3) Steps (1) and (2) were repeated until the number of fatigue cycles N reached the fatigue life of the specimen N f . Next, the calculation was conducted for the case considering both the peripheral crack and the penny-shaped crack as follows:
(1) At every increment of fatigue cycles ÁN (¼ 6000 cycles), the stress intensity factor amplitude and the growth rate of the peripheral crack were calculated to obtain the propagation length of the peripheral crack. And, also, the crack density p and the average crack size p of the penny-shaped crack were calculated at each position in the bonded region. (2) The bonded area was calculated in consideration of the area of the penny-shaped cracks. (3) Steps (1) to (2) were repeated until the number of fatigue cycles N reached the fatigue life N f . Figure 12 shows the change in the bonded area with the number of fatigue cycles for the case in which only the propagation of the peripheral crack was considered. In the calculation, the constant A in eq. (3) was estimated to be 6:5 Â 10 À10 by fitting data in the early stage of the specimen broken at 136,000 cycles. The bonded area decreased almost linearly, but took higher values than the experimental one at a later stage of the fatigue process. This difference was due to difference in the crack propagation between calculation and measurement. The calculation was carried out assuming that the peripheral crack propagated only in the loading direction. However, acoustic images and the fracture surface showed that the crack propagated in all directions in the later stage of the fatigue process, which accelerated the decrease in the bonded area. The change in the calculated bonded area was in good agreement with the measured area except the case of the smallest fatigue life of 50,000 cycles. In the measurement of the area of the bonded region, only the periphery of the bonded region was considered, but no consideration of the penny-shaped crack. And, in the calculation, also, only the propagation of the peripheral crack was considered. If existence of the penny-shaped crack accelerated the decrease in the bonded region, the measured area decreases more rapidly than the calculation because the bonded region contained the penny-shaped cracks. However, the measured area decreased more slowly than the calculation. In the present work, there is no reason of the discrepancy in the case of the smallest fatigue life. Next, the propagation of both cracks (the peripheral crack and the penny-shaped cracks) was considered, and the change in the bonded area was calculated for the specimen broken at 136,000 as shown in Fig. 13 . With increasing crack density constant D and the growth rate d, the bonded area largely decreased with the number of fatigue cycles.
Results of numerical simulation
Changes in the crack density and the average crack size with the distance from the edge of the bonded region are compared with the experimental ones as shown in Figs. 14 and 15. In the calculation, a crack density D of 2.3 MPa À1 and a growth rate d of 0.2 nm/cycle were used. Although the measured crack density represented by open marks decreased with the distance from the edge of the bonded region, the calculated crack density increased and then decreased with the distance from the edge. This difference was due to difference in size of area where the parameters were measured and calculated. In the figure, solid marks represent calculated crack densities averaged in the same range as the measured density, and tend to decrease with the distance from the edge, as observed in the measured density. The calculated crack size tended to increase with the distance from the edge, as observed in the measurement.
From these results, the numerical simulation with a simple model qualitatively explained the distribution of the measured data in the bonded region. A more realistic model with the same shape of the bonded region as the real bonded region, loading conditions in consideration of the bending force, and crack propagation parameters for the shear loading and for the small crack will give a quantitative agreement between the numerical calculation and the experimental results.
Conclusions
The Sn-Ag-Cu solder joints with a solder thickness of about 60 mm were subjected to the shear fatigue testing and the acoustic microscopy to examine the change in the bonded region with the number of fatigue cycles. And the numerical simulation was conducted with a simple model to compare with the measured data. Then following results are obtained. (1) The area of the bonded region estimated from the acoustic image monotonically decreased with increasing number of fatigue cycles. When the initial bonded region was larger, the fatigue life was longer. (2) The density of the penny-shaped crack decreased with the distance from the edge of the bonded region, and increased with the number of fatigue cycles. The average crack size slightly increased with the distance from the edge, but was not dependent on the number of fatigue cycles. (3) The change in the calculated bonded area with the number of fatigue cycles was in good agreement with the measured one. Calculated density and average size of the penny-shaped crack explained the change in the measured ones with the distance from the edge of the bonded region.
